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Summary
A reorganization of cortical representations is pos-
tulated as the basis for functional recovery following
many types of nervous system injury. Neuronal mech-
anisms underlying this form of cortical plasticity are
poorly understood. The present study investigated
the hypothesis that the basal forebrain cholinergic
system plays an essential role in enabling the cortical
reorganization required for functional recovery follow-
ing brain injury. The results demonstrate that functional
recovery following cortical injury requires basal fore-
brain cholinergic mechanisms and suggest that the
basis for this recovery is the cholinergic-dependent
reorganization of motor representations. These find-
ings raise the intriguing possibility that deficits in
cholinergic function may limit functional outcomes
following nervous system injury.
Introduction
Numerous studies have supported the notion that plas-
ticity associated with the reorganization of cortical mo-
tor representations is a critical substrate for enabling
functional recovery following various types of nervous
system injury, including stroke (Green, 2003), traumatic
brain injury (Jang et al., 2002), spinal cord injury, and
peripheral nerve damage (Cohen et al., 1991b; Kaas,
2000). For instance, focal lesions within the motor cor-
tex of rats (Castro-Alamancos et al., 1992; Dijkhuizen
et al., 2001), monkeys (Nudo and Milliken, 1996; Rouiller
et al., 1998), and humans (Cohen et al., 1991a; Green,
2003; Hallett, 2001) lead to functional deficits in skilled
reaching performance. Subsequent rehabilitative train-
ing results in the reorganization of motor representa-
tions and the appearance of ectopic sites capable of
inducing relevant limb movements (Castro-Alamancos
and Borrel, 1995; Castro-Alamancos et al., 1992; Friel
et al., 2000; Frost et al., 2003; Nudo et al., 1996). Abla-
tion or inactivation of newly responsive sites reinstates
the functional deficit (Castro-Alamancos and Borrel,
1995; Castro-Alamancos et al., 1992; Rouiller et al.,
1998), suggesting that the ectopic representation was
responsible for the functional recovery.
The neuronal basis of plasticity mediating cortical
map reorganization is not fully understood, but recent
studies have indicated that the basal forebrain choliner-*Correspondence: jmconner@ucsd.edugic system may play an essential role in this process.
Cholinergic mechanisms have been clearly implicated
as a necessary substrate for the reorganization of corti-
cal representations following manipulations of periph-
eral sensory inputs (Baskerville et al., 1997; Juliano et
al., 1991; Kilgard and Merzenich, 1998; Metherate and
Weinberger, 1990; Webster et al., 1991). Recent studies
have also demonstrated that the basal forebrain cholin-
ergic system is essential for enabling cortical reorgani-
zation associated with normal motor learning (Conner
et al., 2003). These results led us to hypothesize that
the basal forebrain cholinergic system may also play a
critical role in enabling cortical reorganization required
for functional recovery following nervous system injury.
Results
Forty-five adult male F344 rats (225–250 g starting
weight) were used in this study. The basic experimental
design used to test the hypothesis that basal forebrain
cholinergic mechanisms play a critical role in mediating
cortical reorganization required for functional recovery
after nervous system injury is shown in Figure 1A. Addi-
tional groups of animals were included in the experi-
mental design (1) to distinguish the relative contribu-
tions of the motor cortex lesion versus the rehabilitative
training in mediating cortical plasticity within the rostral
forelimb area and (2) to assess the contribution of the
rostral forelimb area in mediating skilled forelimb reach-
ing in normal (unlesioned) animals and following motor
cortex injury and rehabilitative training.
To assess the role of the basal forebrain cholinergic
system in mediating functional recovery after nervous
system injury, rats (n = 33) were initially trained to per-
form a skilled forelimb reaching task (Conner et al.,
2003; Whishaw, 2000). After the reaching behavior was
acquired, rats were divided into two groups, matched
on the basis of learning performance (p = 0.96 between
groups; repeated-measures ANOVA, treatment × time).
One group of animals (n = 17) received bilateral injec-
tions of the cholinergic-specific immunotoxin 192-IgG-
saporin (SAP) into the nucleus basalis and substantia
inominata to remove afferent cholinergic innervation to
motor and sensory cortices. The remaining rats re-
ceived comparable injections of vehicle. Two weeks
later, all rats were retested to establish each animal’s
“prelesion performance” (defined as the mean reaching
accuracy over the 5 days prior to receiving a motor cor-
tex lesion). All animals then received focal cortical
lesions, specifically targeting sites associated with the
control of distal forelimb movements (Figures 1B and
3A). Following 2 weeks of recovery from the motor cor-
tex lesions, rats underwent daily rehabilitative reach
training for 5 weeks. Prior studies have demonstrated
that rehabilitative training contributes significantly to
functional recovery following focal brain injury (Chen et
al., 2002; Johansson, 2000; Nudo et al., 2001; Nudo et
al., 1996).
The magnitude of the deficit induced by the motor
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174Figure 1. Assessing Cholinergic Mechanisms
Mediating Functional Recovery following
Focal Brain Injury
The basic experimental design for assessing
the role of the basal forebrain cholinergic
system in mediating cortical plasticity and
functional recovery after motor cortex injury
is shown in (A). (B) Panels illustrating the
rostrocaudal extent of damage induced by
focal electrolytic lesion of the motor cortex
(at arrows). (C) Motor cortex lesions impart
similar reaching deficits in vehicle- and SAP-
injected rats. Data represent the average
reaching deficit (±SEM) over the first three
days of rehabilitative training (p = 0.95, un-
paired t test).cortex lesion was assessed in each animal by compar- l
iing its reaching accuracy during the first 3 days of reha-
bilitative testing (“postlesion performance”) relative to e
cits prelesion performance. The percent deficit was cal-
culated as follows: o
P
a%Deficit =
(Prelesion – Postlesion)
Prelesion
× 100
b
eGroup comparisons indicated that initial deficits in
treaching performance induced by the motor cortex
Flesion were identical in vehicle and SAP-injected
vgroups (Figure 1C).
bFunctional recovery from the motor cortex injury was
dthen evaluated over the course of 5 weeks of “rehabili-
ttative” training. The absolute recovery for each animal
twas calculated on a weekly basis as follows:
m
lRecovery (X) = mean accuracy (X) − Postlesion performance.
b
BTo account for possible differences in the initial
treaching performance and/or the magnitude of the
lesion-induced deficit between individual animals, the
extent of functional recovery was normalized to reflect
the percentage of each animal’s initial deficit reversed
over the course of rehabilitative testing and was de-
fined as follows:
%Recovery (for week X) =
Recovery (for week X)
Deficit
× 100
Over the 5 week rehabilitation training period, vehicle-
injected animals recovered 55.2% ± 4.4% of their
reaching deficit (Figure 2). Animals lacking a basal fore-
brain cholinergic system were significantly impaired rel-
ative to control animals, achieving only 18.1% ± 7.6%
recovery over the 5 week period (ANOVA, p = 0.0015). F
MThese results indicate that basal forebrain cholinergic
mechanisms play a critical role in the process of func- O
btional recovery following cortical injury.
aTo assess cortical plasticity associated with func-
ctional recovery following the motor cortex lesion, intra-
p
cortical microstimulation (ICMS) techniques were ap- 0
plied (Conner et al., 2003). Functional mapping revealed s
osignificant reorganization of motor representations fol-he rostral forelimb area plasticity is minimized. This
igure 2. Basal Forebrain Cholinergic Mechanisms Are Required to
ediate Functional Recovery following Focal Brain Injury
ver a 5 week training period, cholinergically intact rats (VEH,
lack bars) recovered 55.2% ± 4.4% of their prelesion reaching
ccuracy (mean + SEM). Animals lacking cholinergic input to the
ortex (SAP, stippled bars) recovered only 18.1% ± 7.7% of their
relesion reaching performance (repeated-measures ANOVA, p =
.0015). A post hoc analysis indicated that intact animals varied
ignificantly from cholinergically depleted animals on weeks 3 to 5
f the rehabilitation training (*p < 0.005; **p < 0.001).owing the motor cortex lesion and rehabilitative train-
ng. One aspect of cortical plasticity involved the lateral
xpansion of the vibrissa representation into the adja-
ent region that is typically associated with movements
f the caudal forelimb (see Figures 3B, 3C, and 3E).
lasticity of the vibrissa area was assessed using two
pproaches. The first measured the centroid of the vi-
rissa representation with respect to the midline. A lat-
ral expansion of the vibrissa area would be expected
o shift the centroid away from the midline. As shown in
igure 3E, all motor cortex-lesioned animals (SAP and
ehicle injected) had a significant lateral shift in the vi-
rissa area centroid (relative to unlesioned controls), in-
icating that reorganization of the vibrissa representa-
ion was “cholinergic independent.” Since plasticity in
he rostral forelimb area may impinge upon the more
edial vibrissa area (possibly displacing the centroid
aterally), we also measured the absolute number of vi-
rissa-responsive sites >2.5 mm lateral to the midline.
y assessing only lateral vibrissa sites, the impact of
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175Figure 3. Motor Cortex Lesions and Rehabili-
tative Training Lead to Significant Reorgani-
zation of Motor Representations within the
Remaining Motor Cortex
(A–C) Representative motor maps derived
using ICMS techniques demonstrate both
cholinergic-dependent and -independent
forms of cortical plasticity following motor
cortex injury. In both cholinergically intact (B)
and cholinergically depleted (C) rats, focal
cortical lesions resulted in a lateral expan-
sion of the vibrissa representation (shown in
red in [A]–[C]). Following focal cortical injury
and rehabilitative training, a significant ex-
pansion of the rostral forelimb area (RFA)
was also observed in cholinergically intact
animals relative to animals without motor
cortex lesions (large arrow in [B]). This ex-
pansion was not observed in motor cortex-
lesioned animals lacking a basal forebrain
cholinergic system (C). (D) Quantification
across all subjects indicated that the expan-
sion of the rostral forelimb area, induced fol-
lowing a focal cortical injury and rehabilita-
tive training, requires the basal forebrain
cholinergic system. Vehicle-injected animals
with motor cortex lesions and rehabilitative
training (VEH, red bar, n = 16) had a 48.6% ±
12.2% increase in the size of their RFA relative to animals without a cortical lesion (“Unlesioned,” black bar, n = 5; p = 0.017; post hoc Fisher’s;
overall ANOVA, p = 0.002). Cholinergically depleted animals with motor cortex lesions (SAP, green bar, n = 17) showed no change in the size
of their RFA relative to unlesioned controls (p = 0.75, post hoc Fisher’s), indicating that this aspect of cortical reorganization was cholinergic
dependent. Animals receiving motor cortex lesions but not undergoing rehabilitative training (“Untrained,” blue bar; n = 6) did not show a
significant increase in the size of the RFA relative to unlesioned rats (p = 0.59), indicating that rehabilitative training was required to induce
expansion of the RFA following focal cortical injury. (E) Lateral expansion of the vibrissa representation following focal cortical injury does
not require the basal forebrain cholinergic system or rehabilitative training. The lateral expansion of the vibrissa representation was expressed
as the lateral displacement (relative to the midline) of the “centroid” for the vibrissa area (see Experimental Procedures for centroid calcula-
tion). Following focal injury to the motor cortex and rehabilitative training, vehicle-injected animals (VEH, n = 16) had a significant lateral
displacement of the vibrissa representation relative to animals without a motor cortex lesion (“Unlesioned,” n = 5; p < 0.0001, post hoc
Fisher’s; overall ANOVA, p < 0.0001). Animals with specific removal of the basal forebrain cholinergic system (SAP; n = 17) also showed
significant expansion of the vibrissa representation relative to animals without a cortical lesion (p < 0.0001), indicating that this aspect of
cortical reorganization was cholinergic independent. Animals receiving motor cortex lesions but not undergoing rehabilitative training (“Un-
trained,” n = 6) also demonstrated expansion of the vibrissa representation relative to unlesioned rats (p < 0.0001), indicating that the vibrissa
expansion does not require rehabilitative training. No significant differences were observed in the centroid location for the three motor cortex-
lesioned groups, indicating that a similar lateral expansion of the vibrissa representation had occurred. Color code for panels (A)–(C): red,
vibrissa; yellow, distal forelimb; orange, proximal forelimb; pink, face/jaw; dark blue, hindlimb; green, neck. X’s in (A) indicate targeted lesion
sites. Medial/lateral and anterior/posterior coordinates indicated in panels (A)–(C) are made relative to Bregma.second analysis confirmed results from the centroid
approach, indicating that all motor cortex-lesioned ani-
mals (SAP and vehicle injected) had a significant in-
crease in the number of responsive sites >2.5 mm lat-
eral to the midline (overall ANOVA, p < 0.0001; post hoc
Fisher’s test comparing unlesioned animals to SAP-
injected and vehicle-injected animals, p < 0.0001 for
both comparisons).
The second facet of cortical plasticity identified by
the mapping studies was an expansion of the rostral
forelimb area (Figures 3B and 3D). Vehicle-injected ani-
mals, which showed marked functional recovery follow-
ing a focal motor cortex lesion, had a significant 48.6% ±
12.2% increase in the size of the rostral forelimb area
relative to unlesioned control animals (p < 0.02, Fisher’s
post hoc analysis). In contrast, the rostral forelimb area
in animals lacking a basal forebrain cholinergic system
did not expand after motor cortex lesions, indicating
that plasticity of the rostral forelimb area following focal
cortical lesions and rehabilitative training is “choliner-
gic dependent.” These results indicate that basal fore-
brain cholinergic mechanisms are required for the ex-pansion of the rostral forelimb area and suggest that
the expansion of the rostral forelimb area may underlie
the functional recovery.
To confirm that the expanded rostral forelimb area
was mediating the recovered skilled reaching behavior,
additional experiments were performed. Following
functional mapping, a subset of vehicle-injected rats
that had previously received motor cortex lesions and
rehabilitative training were reassessed in the reaching
task to confirm that the behavior was intact (not im-
paired by the mapping procedure; n = 7). In four ani-
mals, the rostral forelimb area was subsequently local-
ized using ICMS techniques and ablated by electrolytic
lesion. In the three remaining rats, a “control” lesion
was placed within the hindlimb region of the motor cor-
tex, also localized by ICMS techniques. Following 2
weeks of recovery, all animals were retested in the
skilled reaching task for an additional 10 days. Animals
with secondary lesions of the hindlimb area showed no
significant loss in reaching accuracy relative to their
prelesion performance (Figure 4). However, animals
with selective lesions of the reorganized rostral forelimb
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Figure 4. The Rostral Forelimb Area Is Essential for Maintaining
rReaching Performance following the Initial Focal Motor Cortex
iLesion
tTo assess the role of the RFA in mediating functional recovery of
rskilled reaching following focal motor cortex lesions and rehabilita-
tive training, targeted ablation of the RFA or hindlimb area were
carried out. Secondary lesions targeting the hindlimb region did D
not result in a significant loss of function in the skilled reaching
task (p = 0.79, paired t test). In contrast, selective ablation of the
RRFA completely disrupted skilled reaching performance in all rats
b(*p = 0.02, paired t test; overall ANOVA = 0.026).
f
(
1area showed a complete loss of the recovered reaching
performance. Importantly, the contribution of the rostral h
tforelimb area to mediating skilled reaching in otherwise
intact animals is currently unknown. To investigate this t
rquestion, six additional rats were trained to perform the
skilled reaching behavior. After the behavior was ac- r
tquired, the rostral forelimb area was localized using
ICMS techniques and ablated by passing 1 mA DC cur- s
frent for 20 s. Following 2 weeks recovery, all rats were
reevaluated for skilled reaching performance. Results T
windicate that reaching accuracy is not reduced by
lesions of the rostral forelimb area when given to other- e
twise intact animals (prelesion reaching accuracy [av-
erage of last 3 days prior to lesion] = 69.7% ± 2.08%, c
postlesion reaching accuracy [average of last 3 days of
first week following the lesion] = 69.1% ± 2.65%; p = t
t0.73, paired t test). Moreover, subsequent ICMS map-
ping procedures confirmed the absence of the rostral t
pforelimb area in all animals and the presence of a non-
responsive zone corresponding to the lesion site. No c
wother significant plasticity was noted in rats receiving
lesions of only the rostral forelimb area. Together, these f
sdata indicate that although the rostral forelimb area is
normally not required for skilled reaching, the ex- t
ppanded rostral forelimb area is essential for mediating
functional recovery following an initial focal cortical m
Ilesion within the caudal forelimb area.
Finally, while prior studies have indicated that reha- t
abilitative training is critical for mediating functional re-
covery following a focal cortical injury (Chen et al., c
A2002; Johansson, 2000; Nudo et al., 2001; Nudo et al.,
1996), the role of rehabilitative training in cortical plas- 1
wticity is unclear. To investigate the role of the cortical
lesion versus rehabilitative training in mediating cortical a
imap plasticity, additional animals (n = 6) were given
motor cortex lesions, but did not undergo rehabilitative
wtraining. After 7 weeks (equivalent to 2 weeks recovery
+ 5 weeks training), the rats were mapped using ICMS rechniques. The rostral forelimb area in motor cortex-
esioned animals undergoing rehabilitative training was
ignificantly larger than the rostral forelimb area in mo-
or cortex-lesioned animals without training (p = 0.05,
ost hoc Fisher’s test). In addition, animals receiving
otor cortex lesions but not undergoing rehabilitative
raining did not show a significant increase in the size
f the rostral forelimb area relative to unlesioned rats
p = 0.59; post hoc Fisher’s test). Taken together, these
ata indicate that the rehabilitative training was re-
uired to mediate the cholinergic-dependent plasticity
ithin the rostral forelimb area (Figure 3D). In contrast,
he lateral expansion of the vibrissa representation oc-
urred to a similar extent in all motor cortex-lesioned
ats, with or without rehabilitative training (Figure 3E),
ndicating that the training was not required to induce
he cholinergic-independent expansion of the vibrissa
epresentation.
iscussion
eorganization of cortical motor representations has
een identified in association with functional recovery
ollowing stroke (Green, 2003), traumatic brain injury
Jang et al., 2002), spinal cord injury (Cohen et al.,
991b; Kaas, 2000), and peripheral nerve damage (Co-
en et al., 1991b; Kaas, 2000). These findings have led
o the hypothesis that plasticity of cortical representa-
ions may serve as the basis for mediating functional
ecovery after nervous system injury. Identifying neu-
onal mechanisms underlying the reorganization of cor-
ical representations will likely be an important precur-
or for designing therapeutic strategies to enhance
unctional recovery following nervous system injury.
he present study makes a significant contribution to-
ard this goal by identifying the basal forebrain cholin-
rgic system as an essential substrate in mediating cor-
ical plasticity and functional recovery following focal
ortical injury.
Potential caveats are associated with using intracor-
ical microstimulation (ICMS) techniques to assess cor-
ical motor plasticity. Whereas this technique is sensi-
ive to such factors as depth of anesthesia and limb
osition, every effort was made in the present study to
ontrol these factors across animals. More importantly,
hile movement thresholds can vary significantly as a
unction of anesthetic state, movement “types” (the
pecific limb segment that moves) elicited by a minimal
hreshold stimulus remains relatively consistent. In the
resent investigation, all measures of plasticity utilized
ovement types rather than thresholds. In addition, the
CMS technique has been used extensively by others
o reliably quantify the effects of both motor experience
nd damage on the functional organization of motor
ortex (Castro-Alamancos and Borrel, 1995; Castro-
lamancos et al., 1992; Frost et al., 2003; Kleim et al.,
998; Nudo and Milliken, 1996). Our data are consistent
ith results from other laboratories supporting the reli-
bility and consistency of the mapping technique for
nvestigating cortical plasticity.
The focal injury paradigm used in the present study
as associated with extensive reorganization within the
emaining, unlesioned motor cortex. One aspect of cor-
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177tical reorganization, which was observed only in ani-
mals with an intact basal forebrain cholinergic system
(cholinergic dependent), was the expansion of the
rostral forelimb area seen following a motor cortex
lesion and rehabilitative training. Functional recovery
was significantly greater in animals exhibiting this cho-
linergic-dependent form of cortical plasticity, and sub-
sequent ablation of the expanded rostral forelimb area
completely abolished the recovered function. Together,
these findings strongly implicate the cholinergic-
dependent plasticity within the rostral forelimb area as
an essential substrate for the functional recovery.
The precise mechanism by which the basal forebrain
cholinergic system contributes to this aspect of cortical
plasticity is not known. It appears unlikely that choliner-
gic depletion leads to generalized cortical dysfunction
because animals with selective immunotoxic lesions of
the Ch4 cholinergic cell population show no impair-
ments on other behaviors that utilize cortical process-
ing (Baxter, 2001; Baxter and Chiba, 1999). Specific
corticopetal cholinergic lesions do not impair primary
sensory processing or discriminative abilities (Chiba et
al., 1999; Conner et al., 2003; McGaughy et al., 1996)
and do not affect skilled reaching performance once
the task has been acquired (Conner et al., 2003). Thus,
behavioral deficits induced by basal forebrain choliner-
gic lesions are typically restricted to situations in which
cortical plasticity is necessary to optimally respond to
the changing demands of the environment. It can be
speculated that specific aspects of cortical function are
required for mediating the reorganization of cortical
sensory and motor representations, and these pro-
cesses require cholinergic mechanisms. In the present
paradigm, cholinergic systems may be required to en-
hance cortical responsiveness to relevant sensory ac-
tivity (Donoghue and Carroll, 1987; Metherate and
Weinberger, 1990) associated with the rehabilitative
training.
Focal lesions within the lateral portion of the caudal
forelimb area also resulted in a significant lateral ex-
pansion of the vibrissa representation. This aspect of
cortical reorganization occurred in all animals, regard-
less of whether the basal forebrain cholinergic system
was intact (cholinergic independent). The mechanisms
underlying this form of cortical plasticity are not known,
but it is speculated that the focal lesion may alter local
circuitry contributing to movement representations.
Prior studies have indicated that movements elicited
by ICMS are mediated by the recruitment of multiple
interconnected motor units (Jankowska et al., 1975),
which may be mechanically disrupted by the cortical
lesion. Alternatively, others have indicated that acute
shifts in the balance of GABAergic inhibitory networks
within the motor cortex can rapidly shift cortical repre-
sentations (Jacobs and Donoghue, 1991). Local injury
within one portion of the motor cortex will likely alter
patterns of GABAergic inhibition, leading to acute shifts
in motor representations.
In the present study, a multilevel approach combining
(1) highly specific basal forebrain cholinergic lesions,
(2) reliable electrophysiological measures of cortical
plasticity, and (3) a sensitive behavioral assay was used
to demonstrate the essential role of the basal forebrain
cholinergic system in mediating functional recovery af-ter nervous system injury by enabling cortical plasticity.
The contribution of other subcortical neuromodulatory
systems in mediating functional recovery after nervous
system injury has not been clearly established, but ex-
isting data suggest they may play a relevant role. Nor-
adrenergic, dopaminergic, and serotonergic systems
have all been implicated in mechanisms of cortical
plasticity (Bao et al., 2001; Gu and Singer, 1995; Levin
et al., 1988; Manunta and Edeline, 2004), and various
studies have suggested that these systems can be ma-
nipulated to influence functional recovery after brain in-
jury (Castro-Alamancos and Borrel, 1995; Feeney et al.,
1993; Loubinoux et al., 2002; Scheidtmann et al., 2001).
Future studies, using rigorous multilevel approaches,
will be required to systematically examine the mecha-
nistic role of individual neuromodulatory systems in
mediating cortical plasticity and functional recovery af-
ter nervous system injury.
The present results indicating that the basal forebrain
cholinergic system is essential for enabling plasticity
mechanisms required for functional recovery from brain
injury are particularly intriguing in light of the fact that
“naturally occurring” deficits in basal forebrain cholin-
ergic function have been identified in various circum-
stances. Numerous studies have identified cholinergic
dysfunction in association with normal aging (Geula
and Mesulam, 1989; McGeer et al., 1984; Smith et al.,
1999; Smith and Booze, 1995), Alzheimer’s disease
(Bartus et al., 1982; Coyle et al., 1983; Geula and Mesu-
lam, 1996), or following traumatic brain injury (Leonard
et al., 1994; Murdoch et al., 2002). Even partial deficits
in cholinergic function may disrupt mechanisms of cor-
tical plasticity, imposing severe limitations on the ex-
tent of functional recovery attainable following acute
brain injury. Therefore, therapeutic strategies targeting
cholinergic systems under these circumstances, such
as the use of cholinesterase inhibitors or trophic factor
therapy, may enhance cortical plasticity and improve
functional recovery following nervous system injury.
Experimental Procedures
All procedures and animal care adhered strictly to AAALAC, Soci-
ety for Neuroscience, and institutional guidelines for experimental
animal health, safety, and comfort.
Behavioral Training and Rehabilitative Testing
Motor training was carried out using single-pellet retrieval boxes
as previously described (Conner et al., 2003; Whishaw, 2000). Dur-
ing the acquisition training, rats performed 60 reaches per day, 5
days per week, for 3 weeks. Rehabilitative training consisted of 40
to 50 trials per day. Forty-two rats began the initial study. Five vehi-
cle-injected and two SAP-lesioned rats were removed from the
study due to incomplete motor cortex lesions, as evidenced by
reaching deficits of less than 25% and the presence of forelimb-
responsive sites within the lesion area. Two additional SAP-lesioned
rats were excluded from the overall analysis following functional
mapping because no responsive sites could be identified on one
or both sides of the brain, suggesting the cortical lesion was not
confined to the distal forelimb region as intended. Thus, the overall
analysis was carried out using 17 SAP-lesioned animals and 16
vehicle-injected controls.
Basal Forebrain Cholinergic Depletion
Specific destruction of the basal forebrain cholinergic neurons in-
nervating the cortex was achieved by injecting the 192-IgG-saporin
(SAP; Advanced Targeting Systems, San Diego, CA) at concentra-
Neuron
178tion of 0.375 mg/ml in artificial cerebrospinal fluid into two sites R
Rwithin the nucleus basalis (Conner et al., 2003; McGaughy et al.,
A2002; Torres et al., 1994). This paradigm selectively destroys cholin-
Pergic cell bodies within the nucleus basalis and substantia innomi-
nata and reduces cholinergic afferent innervation to the cortex but
does not induce nonspecific damage to noncholinergic cell popula- R
tions within the basal forebrain (Book et al., 1992; Conner et al.,
B2003). Histological assessment (using previously described meth-
eods [Conner et al., 2003]) of animals in the present study confirmed
Na nearly complete loss of basal forebrain cholinergic innervation to
the sensorimotor cortex (99.4% ± 0.15% loss relative to vehicle- B
injected controls; p < 0.0001), with a minimal depletion of 98.2%. e
Cholinergic innervation to the cortex was not significantly depleted 4
by the motor cortex lesion in the absence of a SAP lesion (96.4% ± B
5.2% relative to intact animals; p = 0.59). c
c
BMotor Cortex Lesions
l
The focal motor cortex lesion used in this study is a modification
Bof lesion paradigms used by others (Jones and Schallert, 1994;
bKozlowski et al., 1996) and involves imparting small electrolytic
Blesions at two sites (site 1: A/P = 0, M/L = ±3.75 mm; site 2: A/P =
1+1.5 mm, M/L = ±3.75 mm from Bregma), specifically targeting the
bdistal forelimb representation in the caudal forelimb area of the mo-
tor cortex. These coordinates were determined based upon data C
obtained from prior mapping procedures carried out on hundreds o
dof similar adult male rats in our laboratory. A 100 m stainless-steel
celectrode was initially lowered to a depth of 1.7 mm, and 1 mA DC
current (Grass Model DCLM5A) was passed for 20 s. The electrode C
was then raised 1 mm and the current was applied for another 20 s. (
i
C
Functional ICMS Mapping g
Standard microelectrode stimulation techniques were used to de-
C
rive maps of the motor cortex. Animals were anesthetized with ke-
S
tamine hydrochloride (70 mg/kg i.p.) and xylazine (5 mg/kg i.p.) and
t
received supplementary doses of the anesthesia mixture as
Cneeded. Pulled-glass stimulating electrodes (input impedance
Mw0.5 MOhm at 300 Hz) filled with 3 M NaCl were used. Microelec-
wtrode penetrations were made at 500 m intervals at a depth of
Cw1800 m (corresponding to cortical layers V–VI). Stimulation con-
Ssisted of a 30 ms train of 200 s duration monophasic cathodal
mpulses delivered at 333 Hz from an electrically isolated, constant-
wcurrent stimulator (Axon Instruments, Union City, CA) under the
5control of a programmable pulse generator (AMPI, Jerusalem, Is-
Crael). Pulse trains were delivered 1.2 s apart, and evoked move-
sments were examined with the animal maintained in a prone posi-
ttion and the limbs supported in a consistent manner. At each site,
athe current was gradually increased until a movement was de-
tected (threshold current). If no movement was detected at 200 A, C
the site was defined as “nonresponsive.” The size of the forelimb e
1representation was determined by multiplying the number of re-
sponsive sites evoking a movement of the forelimb by 0.25 mm2. D
The lateral expansion of the vibrissa representation was assessed M
by determining the lateral location of the “centroid” for the vibrissa t
area relative to the midline. The vibrissa centroid was calculated a
for each animal using the following equation: D
s
R
F
∑
n
i=1
[number of vibrissa–responsive sites at n × distance (mm)n]
total number of vibrissa–responsive sites p
t
Twhere n designates each medial/lateral location containing vi-
Fbrissa-responsive sites.
l
o
R
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